The adsorption rate and dynamic behavior of the system are important factors as regards the process design and operational control. The aim of this study was to find a suitable kinetic model for the hexavalent chromium removal in a batch reactor. The experimental data were analyzed using four adsorption kinetic models: the pseudo-first and second order equations, the Elovich equation, and the intraparticle diffusion equation, so as to determine the best fit equation of the Cr(VI) adsorption onto the carbon black. The rate constants and the related correlation coefficients for the each kinetic model were calculated and discussed. Also, the predicted qe,cal values from the kinetic equations were compared with the experimental data. The results showed that the pseudo-second order equation provided the best correlation of the adsorption process (R 2 = 0.9820 -0.9978), whereas the Elovich equation also fitted well with the experimental data (R 2 = 0.9561 -0.9599). The corresponding rate constants corresponded to values 0.0144 -0.0205 g/mg min. Analyses were performed at 293, 313, and 333 K. Based on the rate constants, obtained by the kinetic model using the Arrhenius and Eyring equations, the activation parameters were determined, i.e. the activation energy (4.37 kJ/mol), the change of entropy (273.74 J/mol K), enthalpy (-1.79 kJ/mol), and the Gibbs free energy (-1.78 kJ/ mol).
Introduction
Recently, the levels of several toxic metals in waters have been increasing gradually due to the pollution caused by industrial and municipal wastewater discharges. Chromium is heavy metal commonly found in high levels in wastewater discharges from various industries. The main industrial activities that cause chromium pollution are electroplating, mining, metal finishing, leather tanning, electrical and electronic equipment, catalysis, pigments, chemical manufacturing etc. (Bradl et al., 2005) . Chromium is characterized by beneficial as well as detrimental properties. Cr(III) is a less toxic form which can be readily precipitated out of solution in the form of Cr(OH)3. At low concentrations it can be considered a bioelement since it plays an important * Author to whom all correspondence should be addressed: e-mail: radenova@simet.hr; Phone: +38544533378; Fax: +38544533378 role in the metabolism of plants and animals (BarreraDíaz et al., 2012; Mohan and Pittman, 2006) . On the other hand, Cr(VI) ions are 500 times more toxic than the trivalent version. Cr(VI) species are known to be toxic and carcinogenic, causing health problems such as liver damage, pulmonary congestions, vomiting, and severe diarrhea. Eye exposure to hexavalent form may result in its permanent damage. Chromium(VI), which is primarily present in the form of chromate (CrO4
2−
) and dichromate (Cr2O7 2− ), has significantly higher levels of toxicity than the other valence states. Hence, governments apply the enhanced regulation for chromium species. In Croatia, the upper limit for the discharge of Cr(VI) into the inland surface waters and public drainage systems is 0.1 mg/L (OG, 2008) .
The adsorption process has been found to be more effective and cheaper as regards the treatment of wastewaters compared to other methods (Fu and Wang, 2011) . While aiming at cheaper adsorbents applicable in small scale industries, many researchers have made use of low-cost adsorbents for the chromium ion removal. They include agricultural byproducts, such as sawdust, coir pith, rice bran, nut shells, cork powder, leaf mould, wheat bran, bark and biosorbents algae, fungi, plants, and bacteria. The Cr(VI) adsorptive removal from water by the industrial by-products and/or wastes has been tested so far (e.g. fly ash, blast furnace slag, red mud, waste tires, waste sludge) (Barrera-Díaz et al., 2012; Dhal et al., 2013; Mohan and Pittman, 2006; Rafatullah et al., 2009; Srivastava et al., 2017; Sud et al., 2008) .
Increasing concern with the Cr(VI) pollution has significantly urged the investigation and development of the newly improved materials to address these problems. Carbon black (CB) is a type of carbon material with widespread applications, such as reinforcing compounds in rubbers, electrically conductive agents in plastics, and as catalyst support in proton exchange membrane fuel cells (Ban et al., 2011) . Based on the literature survey, it can be said that a commercial CB has not been tested as an adsorbent of the Cr(VI) ions from aqueous solutions.
In the present work, the adsorption kinetics and thermodynamics of the hexavalent chromium adsorption onto the commercial CB were studied. The four kinetic models were applied on the experimental data and the associated parameters were evaluated. The CB was characterized so as to understand the nature of an adsorbate/adsorbent interaction..
Material and methods

Adsorbent characterization
The commercial CB was produced by oil furnace process. Raw materials were the aromatic oil derivates produced by the secondary petroleum refining processes. The CB samples were dried at 105°C for 2 hours and sieved to particle size from 0.09 to 0.125 mm. The composition of the CB was as follows: 97.6% C, 0.4% H, 1.02% O, and 0.98% S.
The Fourier transform infrared spectroscopy (FT-IR) analysis was used to identify the surface functional groups of the CB sample in the range from 4000 to 650 cm -1 using the Spectrum One FTIR spectrometer, Perkin Elmer (UK). The sample was characterized in its basic form without any preparation, using the attenuated total reflectance (ATR) chamber. The surface area properties were determined by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods using a Micromeritics ASAP 2000 (USA) adsorption instrument. The average pore diameter was calculated according to the equation (Eq. 1):
( 1) where Vp is specific volume, and Sp is specific surface area. Pore size distribution of the CB was calculated by the Barrett-Joyner-Halenda (BJH) method. Microscopic observation was performed using a scanning electron microscope (SEM) Tescan Vega TS 5136 MM (Czech Republic) by the Bruker energydispersive spectrometer (EDS) by point analysis.
Adsorption kinetics
The removal of chromium ions was studied by the batch tests. Prior to experiments, a stock solution of hexavalent chromium of target concentration was prepared by dissolving an appropriate amount of K2Cr2O7 in deionized water. The test solutions were prepared from the stock solution according to the relevant dilution.
Subsequently, 0.25 g of the CB sample was mixed with 50 ml of 50, 100, and 200 mg/L of the Cr(VI) solutions during 15 to 120 minutes at 293, 313, and 333 K. Following the completion of the experiments, the suspension was filtered through a Whatman filter paper No. 44. The Cr(VI) concentration in the supernatant was analyzed by the Camspec M-107, Jencons (UK) spectrophotometer at 540 nm. The optimal ratio of the adsorbent/adsorbate (0.25g/50 mL) and pH of the solution (2.4) were determined during the previous experiments (Radjenovic and Medunic, 2015) . The experimental results showed that the equilibrium contact time was obtained within 75 min, and the maximum adsorption capacity was 33.22 mg/g.
To check the analytical reproducibility during the concentration measurements, the experiments were run in triplicate under identical conditions, and the average values are reported.
Results and discussion
Characterization of the carbon black
The FTIR analysis provides the information on the surface chemistry of the examined samples (Fig.  1 ). The CB sample exhibited some characteristic peaks, at the wavenumbers of 2357 and 2324 cm -1 which were associated with carbonyl groups in R-(C=O)-R'. The peak at 2100 cm -1 was attributed to the stretching vibrations of C=C.
The adsorbent capacity to adsorption of metal ions depend on the quantity of surface functional groups Li et al., 2007) . Carbon atoms of the CB, either localized at the edges and the periphery of the aromatic sheets or those located at the defect positions, were associated with an unpaired electron or they had residual valences, hereby posesing high potential energy. These carbon atoms were more reactive and had a tendency to form the surface oxygen complexes. Such surface chemical groups may promote the chromium(VI) adsorption (Kothiyal and Sharma, 2013) . The adsorption phenomenon depends on the interaction between the surface of an adsorbent and adsorbed species. The characteristic values of the CB surface area properties were as follows: the BET surface area, SBET = 107.29 m 2 /g, the total pore volume (1.7-300 nm), Vp = 743•10 -3 cm 2 /g, and the average pore diameter, d = 16.99 nm. This surface area value could be explained by fine grained particle size of the CB and their porous nature. According to the IUPAC, the pores of a porous material are classified into three groups: micropores (width d < 2 nm), mesopores (2 nm < d < 50 nm), and macropores (d > 50 nm). On the basis of the obtained results, the CB may be considered a mesoporous material (Srinivasan and Yaming, 2001 ). Fig. 2a shows SEM image of the CB sample surface prior to the adsorption with clearly visible, mostly rounded particles, of various sizes though. The aggregates were formed by a coalescence of elemental particles. The fusion of the aggregates by Van der Waals forces resulted in the formation of the new structures -agglomerates, as previously described in literature (Ban et al., 2011; Radjenovic and Malina, 2013) . The changes caused by the Cr(VI) ion adsorption as accumulations and deposits are shown in Fig. 2b . Fig. 3 depicts the EDS spectra. Following the Cr(VI) ion adsorption, it was evident that the surfaces contained chromium (Fig. 3b) . 
Adsorption kinetics study
The adsorption isotherms represent the relationship between an amount adsorbed by unit weight of a solid adsorbent and the amount of a solute remaining in the solution at an equilibrium and at the constant temperature (Ho et al., 2002) . The amount adsorbed at an equilibrium, i.e. the adsorption capacity, qe (mg/g) was calculated according to the formula (Eq. 2): (2) where Δc is quantity of an adsorbed adsorbate (Δc = ci -ce), mg/L; ci is the initial concentration of an adsorbate, mg/L; ce is the equilibrium concentration of an adsorbate, mg/L; V is volume of solution, L; and m is adsorbent mass, g.
The equilibrium adsorption isotherm of the Cr(VI) ions onto the CB is shown in Fig. 4 . It can be seen that the Cr(VI) ion adsorption increases with an increase of the initial Cr concentration, while decreasing with the rise in temperature. The amounts of oxygen functional groups, such as carbonyl groups, resulted in an increase of the surface cation exchange and complexation capacity of the CB (Kothiyal and Sharma, 2013; Radjenovic and Malina, 2013) .
Fig. 4. Equilibrium adsorption isotherm of Cr(VI)
onto the CB Results of the effect of the equilibrium time on the adsorption of Cr(VI) by the CB is shown in Fig. 5 . It is evident that the Cr removal takes place in two steps: a relatively fast phase continuing up to 30 min followed by a slow progress until the state of equilibrium (75 min). The high initial uptake rate is due to availability of a large number of adsorption sites at the onset of the process. The sticking probability is also high on the bare surface accounting for the high adsorption rate. Furthermore, the CB is exclusively mesoporous, hence the diffusion of solute into the pores appears to be easier (Borah et al., 2009 The adsorption kinetics may be described by the pseudo-first order kinetic model given by Lagergren. The linear pseudo-first order equation (Eq. 3) is as follows (Lagergren, 1898):
where qe and qt are the amounts of an adsorbate adsorbed at the equilibrium and at time t (mg/g), respectively, whereas k1 is the equilibrium rate constant of the pseudo-first order adsorption, (1/min). The slopes and intercepts of the plots of log (qe −qt) versus t were used to determine the first-order rate constant k1 and the equilibrium adsorption capacity, qe (Fig. 6a) . The values of qe,exp, k1, the theoretic values qe,cal and the correlation coefficient R1 2 are all listed in Table 1 . It can be seen that the correlation coefficients are not high (R1 2 = 0.9121 -0.9421), whereas the agreement between qe,cal and qe,exp is also not good. The adsorption kinetics may also be described by the pseudo-second order equation. The pseudosecond order equation (Eq. 4) in integrated form is as follows (Kara and Demirbel, 2012) . where k2 is the equilibrium rate constant of the pseudosecond order adsorption reaction (g/mg min). The slopes and intercepts of the plots t/qt versus t were used to calculate the second-order rate constants k2 (Fig. 6b) . The initial adsorption rate, h0 (mg/g min) was defined (Eq. 5) as follows (Yao et al., 2010) :
For all experimental concentrations, the R2 2 values were close to 1; there was a little difference between qe,exp and qe,cal (Table 2) . Also, it can be seen from Table 3 that with an increase in initial chromium concentration, the initial adsorption rate, h0 increases, while the rate constant of the adsorption k2 decreases. The pseudo-second order model is based on the assumption that the rate-limiting step may be a chemical nature involving the valence forces through the sharing or exchange of electrons between an adsorbent and an adsorbate. This model, contrary to the pseudo-first order model, adequately predicts the adsorption behaviour over the whole adsorption period.
The Elovich equation assumes that the solid surface active sites are heterogeneous in nature, and therefore exhibit different activation energies for chemisorption. The linear Elovich equation (Eq. 6) is given as follows (Aharoni and Tompkins, 1970 ):
where α is the initial adsorption rate (mg/g min), while β is related to the extent of surface coverage and the activation energy of chemisorption (g/mg). The Elovich kinetic constants, α and β, were obtained from the intercept and slope of the plot qt versus ln t (Fig.  6c ). The linear relationship was obtained among the adsorbed Cr(VI) ions, qt and ln t over the entire adsorption period, with the correlation coefficients between 0.9561 and 0.9599 (Table 3 ).The α values were found to increase with an increase in initial Cr(VI) concentrations due to higher driving force. The constant β value decreased with an increase in initial Cr(VI) concentrations since less surface was available for the Cr(VI) ion adsorption. The adsorption mechanism of an adsorbate onto the adsorbent may involve one or more steps, e.g. via film or external diffusion, intra-particle diffusion or pore diffusion, surface diffusion and the adsorption on the pore surface, or a combination of more than one step. Weber and Morris (1963) proposed the empirically established functional relationship stating that if an intraparticle diffusion is the rate-controlling factor, then an uptake varies with the square root of time. To elucidate the diffusion mechanism, the kinetic results were analyzed by the intra-particle diffusion model (Eq. 7) expressed as follows (Weber and Morris, 1963 ):
where kid is the intra-particle diffusion rate constant (mg /g min 1/2 ). In an aqueous solution, as regards the adsorption onto the porous adsorbents, mesopores act as micropores possibly due to water layers formed on the pore walls (Ünlü and Ersoz, 2007) . It is known that a pore and surface area play important role during the adsorption process. Since the CB has a porous structure, the effect of intra-particle diffusion to the adsorption process should be taken into account.
If the Weber-Morris plot of qt versus t 1/2 is linear and passes through the origin, then the adsorption process is controlled only by the intraparticle diffusion (Borah et al., 2009) . It can be seen that the relationship was not linear for the entire reaction time range. The plot shows two parts (Fig.  5d) ; the first linear part represents the initial rapid uptake due to film diffusion and a consequent external surface coverage by an adsorbate. The second portion represented the gradual adsorption stage where intraparticle diffusion is the rate limiting factor. The rate parameters, kid, together with the correlation coefficients are listed in Table 4 . As can be seen from Fig. 5 and Tables 1-4, the pseudo-second order equation provides the best correlation as regards the adsorption process, whereas the Elovich equation also fitted well in the experimental data. However, the pseudo-first order and the intraparticle diffusion equations did not fit well with the experimental data as regards the Cr(VI) adsorption. This feature suggested that the investigated adsorption systems belonged to the second-order kinetic model. Rationale is the assumption that the rate limiting step might be the chemical reaction involving the valency forces through the sharing or exchange of electrons between an adsorbent and an adsorbate (Örnek et al., 2007) .
These results are consistent with the CB's mesoporous nature having various fractions of microand macro-pores. Namely, the first linear portion was attributed to a macropore diffusion process, while the second portion could be ascribed to a micropore diffusion process. The pseudo-first and pseudo-second order kinetic models are commonly used models for studies of the adsorption kinetics, and quantifications of the relevant uptake extent. Table 5 presents several kinetic models and the Cr(VI) adsorption capacities of various adsorbents.
Adsorption thermodynamics study
The type of the adsorption mechanism, either physical or chemical, can be evaluated by calculating the activation energy and the thermodynamic parameters. The rate constant of the saturation type of an adsorption reaction (k1 or k2) is expressed as a function of temperature by the following Arrhenius type (Eq. 8) relationship (Atkins and De Paula, 2006) . 
where k is the rate constant, A is the frequency factor, Ea is the activation energy of the process (kJ/mol), R is the universal gas constant (J/mol K), and T is the solution temperature (K). The fact that Ea is given by the slope of the plot of ln k2 against 1/T points out that as the activation energy gets higher, the temperature dependence of the rate constants gets stronger. The ln k2 values were plotted against 1/T (Fig. 7) and the activation energy was calculated to be 4.37 kJ/mol. It can be concluded that the rate constant of the Cr(VI) adsorption onto the CB does not substantially depend on the temperature.
Fig. 7. Arrhenius plot
The activation entropy and enthalpy were evaluated according to the Eyring equation (Eq. 9), as dependence of the constant rate on temperature (Holleman and Wiberg, 2001):
where k2 is the rate constant, kb is the Boltzmann constant (J/K), h is the Planck's constant (J/s), ΔH * is the enthalpy of activation (kJ/mol), and ΔS * is the entropy of activation (J/mol K). The enthalpy of activation, ΔH * was calculated from the slope of a linear dependence (-ΔH/R) of ln(k2/T) versus 1/T plot (Fig. 8) , whereas the entropy of activation ΔS * was calculated from the intercept [ln(kb/h) + (ΔS * /R)]. The free energy of activation was as follows (Eq. 10): * = * - *
The values of ΔH * and ΔS * of the adsorption process were -1.79 kJ/mol and 273.74 J/molK (Table  6) , respectively. The negative value of the enthalpy reflects the exothermic nature of the adsorption process. To a certain extent, physisorption and chemisorption can be classified by the magnitude of the enthalpy change. Bonding strengths of <84 kJ/mol are commonly considered as those of the physisorption bonds (Atkins and De Paula, 2006) . The obtained thermodynamic parameter values, including the activation energy, suggest that the physisorption was dominant as regards the Cr(VI) adsorption onto the CB. The positive ΔS * value corresponded to an increase in the degrees of freedom of the solid-liquid interface during the adsorption of Cr(VI) ions onto the CB, supporting the ion-exchange adsorption mechanism . The ΔG * values were found to be negative, thus indicating that the adsorption process was spontaneous and thermodynamically favorable.
Conclusions
Kinetic parameters showed that the adsorption of dissolved chromium onto the CB was controlled mainly by the pseudo-second order equation. The values of the activation enthalpy and entropy gave evidence of the exothermic character. The negative activation free energy confirmed the spontaneity of the adsorption process. The obtained thermodynamic parameter values, including the activation energy, suggest that the physisorption was dominant during the Cr(VI) adsorption onto the CB.
It can be concluded that the CB may be used for the removal of hexavalent chromium ions by the batch procedure, thus acting as an alternative to more costly adsorbents. 
